The following values of the enthalphy of solution of well-characterized samples of guanine were obtained from measurements in an adiabatic solution calorimeter: 156
1_ Introduction
This is the final paper in this series [1] [2] [3] [4] [5] .1 It reports reo sults from an incomplete study of the enthalpies of solu tion of guanine (Gua) and guanine hydrochlorides (Gua' nHCl) in aqueous solutions of hydrochloric acid and of sodium hydroxide. Although there are still assumptions and unanswered questions, the results that were obtained are being published because the calorimetry is of high accuracy and considerable information is given characterizing the sam· pies used.
It was impossible to measure the enthalpy of solution of guanine in water directly because of its low solubility (0.04 g'L-' at 313 K [6D; however, a value at infinite dilution has -Center for Thermodynamics and Molecular Science, National Measurement Laboratory been calculated. Enthalpies of solution of guanine in HCI solutions of various concentrations from 0.01 to 6.1 mol, L-J, and in NaOH solutions from 0.09 to 3.1 mol, L-' were measured. Values for the L\C p of reaction were also determined. Enthalpies of solution of anhydrous guanine hy. drochlorides in aqueous HCI solutions (0.3 to 6.0 mol, L-') were measured. Enthalpies at infinite dilution of protonation and of proton dissociation were calculated for guanine and compared with analogous values obtained for adenine [1, 5] , another purine base. The exact sites of the ionizations are somewhat uncertain.
2_ The Samples
Calorimetric measurements are reported here for the en· thalpies of solution of four guanine samples as received filtration. These crystals were dissolved slowly in a boiling solution con· taining 1.5 percent (by volume) of concentrated HeL It was surprising that the crystals formed upon cooling this solution appeared to be of mixed composition-there were some yellowish plates or flakes mixed with small needles. The mixture was heated again; the boiling solution was cloudy and charcoal was added before filtering. The filtrate was clear and colorless.
The free guanine was again precipitated, fIltered, and washed. It was then dissolved in the hot 5 percent HC} solution. Again upon cooling, the abundance of needlelike crystals formed. About half (10 g) of these crystals were designated Gua' HC} 28. The other half was redissolved in the 1.5 percent (rv 0.2 mol, L-I) HCI solution, which, after cooling slowly, formed flaky crystals; this was designated Gua' HCI 2b. Both of these samples were dried for three days under vacuum in a desiccator containing Mg(CIO.>Z. Gua' HC} 2a was resilient and did not break when tamped with a glass rod, but Gua . HCl2b was brittle and the tamping produced a fine powder. Both of these samples were further dried for three days in a vacuum oven at rv 340 K. Half of the samples, 2a and2b, were heated at 370 K in a vacuum oven for four days and designated 2c and 2d, respectively.
The characterization and analyses of these materials will be discussed in the following subsections.
Volatile Matter and Hygroscopicity
The volatile matter (presumably H 2 0) was determined from the loss in mass on heating in a vacuum oven where the samples were guarded by a liquid nitrogen trap from contamination by the oil vapors from the vacuum pump (the pressure was 1 kPa or less). The materials were heated at relatively low temperatures to reduce the possibility of decomposition. In table 1 the results of volatile matter determinations on samples of guanine and guanine hydrochlorides are given. Gua 1, 2, 3, 4, and Gua' HCll are the commercial materials as received. Gua 4b was reprecipitated from Gua 4. Gua' HCl 2a and 2c were recrystallized from 5 percent(rv 0.6 mol·L-l) HCI solution; Gua 2b and 2d were recrystallized from 1.5 percent (rv 0.2 mol, L-1) HCl solution.
The samples heated at 340 K for 16 h or less, as listed in table 1, were spread out in flat aluminum dishes with tight fitting covers which were removed during heating. These samples were weighed after heating four h, then weighed again after each additional 2-h heating period. All other samples heated for longer periods were contained in glass weighing bottles or dishes.
Gua 2 differed from the other guanine samples in that there was a constant rate of loss in mass after the initial4-h heating period. This was probably due to slow vaporization of some impurity. The other guanine samples were at constant mass after heating rv 6 h at 340 K.
One of the two samples of Gua 1 dried at 370 K (table 1) had been previously dried at 340 K and subsequently exposed to air under the controlled conditions in this laboratory (relative humidity, RH = 35 ± 10 percent, room temperature, T = 296 ± 1 K). The essentially equal loss in mass for the two samples on drying at 370 K suggests that the bThis sample was previously dried at 340 K and subsequently exposed to air (T = 296 K, RH = 35 %).
cAfter the initial 4-h heating period, this material lost mass at the constant rate of 0.1 mg·h-for an additional 8 h. The other guanine samples were at constant mass after heating a total of 6 h. fThis was a portion of Gua·HC1 2a which had been dried at 340 K.
gThis w~s a portion of Gua·HCl 2b which had been dried at 340 K. moisture lost on drying at 340 K was reabsorbed upon exposure to air. Therefore, the calorimetric samples of guanine were transferred in the room air and corrected for the moisture found as volatile matter.
Two H 2 0 determinations on Gua 1 and 2 by Karl Fischer titrations (the method was previously described [ID indicated 0.64 and 1.05 percent H 2 0, respectively. These values are not considered to be as reliable as the volatile matter determinations for small amounts of H 2 0, especially because the guanine was only slightly soluble in the methanol solvent The guanine hydrochloride, Gua' HCll, as received from the commercial source, was nominally the dihydrate. It was hygroscopic; a gain in mass of 0.1 percent was observed in a period of 5 min exposure to room air (RH = rv 35 %). All subsequent operations transferring this material were performed in dry atmospheres. The first 3 samples of Gua' HCl 1 listed in table 1 were in Al dishes and lost a total of 9.3 percent H 2 0 (8.4% in the first 4 h at 340 K) which is greater than the theoretical loss for one hydration H 2 0 (8.0%). Another larger sample in a glass dish heated at 370 K for rv 70 h lost mass nearly equivalent to 2 H 2 0. Thus it appears that the second water of hydration is removed relatively slowly upon heating at this temperature.
Gua' HCl 2a and 2b were products of recystallization of reprecipitated Gua 4 from HCl solutions (0.6 mol, L-1 and 0.2 mol· L-1, respectively). Both products were dried overnight at 296 K under vacuum in a desiccator containing Mg(CI04)2. It appears that this removed most of the water of hydration, because vacuum drying at 340 K for 70 h resulted in a mass loss of less than 1 percent (see table 1 ). About half of these dried products were further dried 95 h at 370 K and are designated Gua' HCl 2c and 2d, respectively, in table 1.
Small portions of the guanine hydrochloride samples listed in table 1 as dried for 70 h or longer were transferred (in a glove box containing a desiccant) to weighing bottles for hygroscopicity observations. After an initial weighing, the caps to the bottles were removed and the samples were exposed to the room air while standing in the balance case. The weights were recorded at various intervals over a period of three days. The cumulative changes in mass for the 5 samples are shown in table 2. Gua' HCl 2a and 2c were not hygroscopic under these conditions, but Gua' HCI 2b and 2d absorbed moisture for several hours. The moisture absorbed was approximately equal to that lost on heating and Table 2 . Cumulative mass changes observed upon exposure of dried Gua·HCl samples to air (RH =~35 %and 296 K).
Gua·HCl sample is apparently not water of hydration. Gua' HCll (originally the dihydrate) was still absorbing moisture after 3 days and the 6 percent gain in mass was approaching th~8 percent equivalent of 1 H 2 0.
All calorimetric samples of the guanine hydrochlorides were the dried material. Transfers to the sample holder were made in a dry atmosphere to prevent absorption of moisture by the samples.
Elemental Analysis of the Guanine

Hydrochlorides
Portions of the guanine hydrochloride samples which had been heated under vacuum for 70 h or longer (see table 1) were transferred in a glovebox to glass vials with tight-fitting plastic caps for shipment to the analytical laboratory. Four days later, the microanalyses were performed; the results are given in table 3. The compositions of Gua' HCI 1 and 2c correspond to that of the anhydrous monohydrochloride, but that of Gua' HCl 2d is closer to the hemihydrochloride. This might be expected since the latter sample was recrystallized from a more dilute HCI solution than Gua·HCI2c.
Although the composi tions of Gua' HCll and 2c (table 3) are similar, they must be of different structure because it was shown in section 2.1 that the Gua' HCl 1 was very hygroscopic and the Gua' HCI 2c was not It is important that the dried guanine hydrochlorides are anhydrous. Only the dried materials were used in the calorimetric experiments. It will be assumed that samples 1 and 2c are the anhydrous monohydrochloride and that sample 2d is the anhydrous hemihydrochloride although these may be erroneous assumptions.
Density
The densities of several samples of guanine and the guanine hydrochlorides were measured by a displacement method in 25-cm 3 , Gay-Lussac-type pycnometers using Eastman ACS spectroscopic grade CC4 (density = 1.5898 g' cm-3 under the laboratory conditions; this is the mean of 3 measurements for which the average deviation was 0.0002 g' cm-
3 ). Details of the method are described in the first paper of this series [1] . The results of these measurements are given in table 4.
After the density measurement for Gua 1, the sample was collected on filter paper, dried in air, and weighed; there was a loss in mass of f\J 1 mg or <0.1 percent When the file trate was evaporated to dryness there was no visible residue. Thus, the solubility of guanine in CC4 was insignificant in the density determinations.
The results of density measurements given in table 4 for Gua 1, 3, 4,and Gua' HCl 1 were obtained on samples as received from commercial sources; the other measurements were made on the dried samples (see sec. 2.1). For calculating the buoyancy factor, 1.000546, used in this work to cor- c Vigorous bubbling apparently from degassing.
rect the guanine weights to vacuum, the density of guanine, 1.72 g' cm-3 was taken from the results in table 4. This method for determining densities proved unsatisfactory for the guanine hydrochlorides. The densities measured did not agree with the elemental analyses. It was suspected that impurities in the CC4 reacted with the dried samples to change their compositions during the density measurements.
It was reported in Beilsteins Handbuch [8] that the hydrogen chloride salt of guanine may crystallize as the monohydrate (molar mass = 205.60), as the dihydrate (molar mass = 223.62), or as guanine dihydrochloride (molar mass = 224.05). Broomhead [9] prepared two crystalline guanine hydrochloride samples. The first was found to have molar mass = 223, density = 1.562 g' cm-3 , and microanalysis indicated that it was the monohydrochloride dihydrate rather than the dihydrochloride. The second sample had density = 1.662 g' cm- 3 and molar mass = 205.2, and was apparently the monohydrate. (Details of the preparations and measurements were not given.)
Our density measurements confirmed that Gua' HCll (as received) was the dihydrate (although the anhydrous material prepared from it was used in the calorimetric experiments). However, the measurements on the dried samples did not agree with the elemental analyses. Therefore, these density values were used only for calculating buoyancy factors for determining the mass of samples; the resulting errors are relatively small.
Other Analyses
The heat capacities at 298 K, q, of two crystalline guanine samples were measured by Ernesto Friere using a drop microcalorimeter at the University of Virginia. He obtained 1.063 J .g-I . K-I for Gua 1 and 1.079 J .g-I . K-I for Gua 4b wi th an estimated uncertainty of 0.008 J. g-I . K-I for the measurements [10] .
Emission spectrochemical analyses 3 of samples of Gua 1,2, 3, and 4 revealed no impurities in the samples greater than the limits of detection reported for adenine [1] .
Analysis of gas chromatograms 4 obtained from trimethylsilylation of Gua 1,2, 3, 4, and 4b led to the conclusion that Gua 1 and 3 appear to have somewhat less impurity than the others. No specific conclusions could be drawn from these measuremen ts.
The following information was reported from analysis 5 of X-ray powder diffraction patterns. Gua 1, Gua 3, Gua 4, and Gua 4b all produced weak patterns which could be identified as crystalline guanine. No major impurities were found. Gua 3 produced the pattern with greatest detail. The three samples of guanine hydrochlorides, Gua' HCI 1, 2c, and 2d, were all crystalline. The pattern from Gua' HCI 1 was distinctly different from those of 2c and 2d, which were sufficiently similar to indicate that they had the same crystallographic lattice. It is not possible to draw conclusions about the states of hydration.
No impurities were identified or detected from analyses by paper and thin layer chromatography (TLC) in the samples of Gua 1,2,3,4, and 4b. Details of the procedures and detection limits were described previously [1] . The ical Chemistry, National Measurement Laboratory.
• Analysis by D. Enagonio, Organic Analytical Research Division. Center for Ana· lytical Chemistry. National Measurement Laboratory.
, Analysis by Camden R. Hubbard. Crystallography Section, Ceramic, Glass, and Solid State Science Division, National Measurement Laboratory. Table 5 . R f values for 5 guanine samples using TLC plates and papers with 4 carrier solutions, A,B,C, and Oa. CF is the same as C except it includes a fluorescent indicator.
P-l and P-40 are Whatman No.1 and No. 40 chromatography papers.
C Bands at R f = '" 0.48 instead of spots.
this work, but are stilI within the uncertainties to be expected under differing experimental conditions. This was also true for the R J values reported previously in this series [1] [2] [3] [4] .
Enthalpy of Solution Measurements
The relative molar masses used in this work were obtained from the 1975 Table of Atomic Weights [12] ; the unit of energy is the joule as defined in the International System of Units (SI). Uncertainties are expressed as standard deviations except as otherwise noted. The weights in air for all crystalline samples and solutions have been corrected to vacuum (mass) as described previously [13] . For calculating buoyancy factors, densities for the aqueous HCI and NaOH solutions were obtained from the Handbook of Chemistry and Physics [14] .
Enthalpy of solution measurements were made in a platinum-lined silver, adiabatic, vacuum-jacketed, solution calorimeter. The calorimeter, procedures used for measurements, electrical measuring instruments, and corrections to the experimental data have been described [13, 15] . Reaction period is the elapsed time between the initiation of the reaction and the beginning of the rating period which follows the reaction. Occasionally, there are long reaction periods which are probably the result of the way the sample holder opens. If the cylinder containing the sample does not tilt slightly, some of the sample may remain in it and dissolve very slowly. However, since heat leak corrections have been shown to be negligible in this calorimeter, the rate of the reaction does not seriously affect the results.
€, and €j are the electrical energy equivalents of the initial and final systems.
ATcorr is the observed temperature change corrected for constant energy sources such as stirring energy.
QOb8 is the observed heat of reaction;
Q" is the correction for vaporization of water into the air space contained in the sample holder;
where MI" is the enthalpy of vaporization of water lunit volume at the mean temperature of the reaction [16] , V is the internal volume of the sample holder (in this work, 0.74 cm 3 ) , s is the mass of sample, d is the density of the sample, and RH is the relative humidity of the atmosphere in which the sample was transferred to the sample holder (RH = -0.35 for the room air or RH = -0 in the glove box).
qdilrl is a correction for dilution by the sample water of the HCI solutions. This correction was negligible (n) in the dilute HCI solutions « 1 mol.L-I) and in the NaOH solutions. Enthalpies of dilution for the more concentrated HCI solutions were taken from Parker's tabulation [17] .
Qr is the specific corrected heat of the reaction;
T r is the mean temperature of the reaction.
CorrST is the correction to the standard or reference temperature, 298.15 K;
CorrST =~cp (Tr -298.15 K)
where the values for~cp, the change in specific heat capacity during the reaction, are determined in this work as
The values of Qr are from 2 experiments at different temperatures, T 1 and T 2 • The specific enthalpy of solution at the reference temperature is -(Qr -CorrST); the molar enthalpy of solution is
where M is the relative molar mass of the sample.
3.1.~H""rl of Gua in Aqueous HCI
Gua 1 was used for most of the measurements of the enthalpy of solution because it was white crystalline material which appeared to be relatively free of impurities and the fig. 1 ). Therefore, it was assumed that the second protonation occurred at the HCI concentration of 4 mol, L-I or less, and the 6 experiments in question were included in Group 3. Further justification for this grouping was provided by the differences in the electrical energy equivalents, £.; -£.1' listed in table 8 for the experiments in table 6 using Gua 1. The uncertainty in Group 1, where undissolved precipitate remained in the final solutions, was about one third of that in the other two groups. The large uncertainties in Groups 2 and 3 gives statistically questionable differences although the large difference between the means suggests a different reaction in the Group 3 experiments than in Group 2. The equation for the combined Groups 2 and 3 could be used, but it is believed that the use of separate equations is justified on the basis of the Ac p and energy equivalent in· formation discussed above. The two solid lines shown in figure 1 correspond to the equations for Groups 1 and 2, and the broken line, that for Group 3.
Beaven, et al [18] , observed that adenine and guanine tfhave an additional pK in the region of pH 0." Our earlier work [5] reported evidence of such a protonation for adenine in HCl solution at the concentration, rv 5 mol· L-I, with M/ = (7.9 ± 2.0) kJ· mol-I. Apparently a similar protonation for guanine occurs at the Hel concentration, 3.5 to 4 mol·L-1 (see fig. 1 ). M/ = (4.8 ± 1.6) kJ· mol-I was obtained from the difference between the intercepts of the equations for Group 3 and Group 2. The uncertainty is twice the sum of the standard deviations of the intercepts.
Several measurements of the enthalpy of solution using sampies other than Gua 1 were made for comparison, and differences of about 10 percent (or more) in the values for AH were observed. These results are also shown in figure 1 .
The values measured for Gua 2 were close to those of Gua 1, but those for Gua 3, 4, and 4b (the latter was reprecipitated from Gua 4), were significantly smaller than those of Gua 1.
In two experiments, the values for Gua 4b were higher than comparable values for Gua 4. This suggests that impurities were removed in the reprecipitation of Gua 4b.
AH60111 of Guo Hydrochlorides in Aqueous Hel
Measurements of the enthalpy of solution in aqueous HCl at various concentrations were made on four samples of guanine hydrochloride described in section 2 and the subsections. The calorimetric measurements were made on the dried samples some of which were hygroscopic; therefore, transfers to the sample holder were all made in a dry atmosphere. The elemental analyses indicated that the dried Gua . HCl 1 and 2c were probably the anhydrous monohydrochloride, and that Gua· HCl2d was closer to the composition of the anhydrous hemihydrochloride; there was no elemental analysis of Gua' HCI2a, but it was assumed to be similar to 2c (which was heated at a somewhat higher temperature).
The data obtained in the experiments where the enthalpies of solution of the guanine hydrochlorides were measured are given in table 9; the arrangement is in order of increasing HCl concentration. The molar enthalpies of solution at the reference temperature given in the last column assume the sample composition indicated by the elemental analyses. These molar enthalpies are plotted in figure 2 as a function of the concentration of the aqueous HC4 also shown for comparison are the curves obtained for Group 2 and Group 3 in figure 1 . In figure 2 , the points representing the values for a given sample of Gua' HCI are connected by straight lines. The 3 points for Gua· HCl 2d (assuming it is Table 9 . Data from the measurements of the enthalpy of solution of guanine hydrochloride in aqueous HCl solutions.
ExPt.!----=G=ua=-·.:..:;HC:...:l_f---.,-_.....:H.:..::C~l --;:5.:..01.:..:;n.:... has different properties in solution than Gua' HCII and 2c.
3.3.~H""," of Gua in Aqueous NaOH
The results from 17 measurements of the enthalpy of solution of guanine in NaOH solutions are given in table 10 where the experiments are listed in order of increasing NaOH concentration. The sample masses are in the range 0.19 to 0.24 g (or 1.2 to 1.6 mmol of guanine), and the volume of the solvent is NO.3 L. The reactions were all rapid and apparently complete; no residue was visible in the final solutions. In these experiments it was assumed that qvap was negligibly small, because if the solutions were pure water qvap would be <0.05 J in the worst case (at 309 K); the actual corrections would be smaller than this since the vapor pressure of H 2 0 over the NaOH solutions is less than that over pure H 2 0. dotted lines for Gua' HCI 2d were calculated assuming that the material was the hemihydrochloride (as indicated by the elemental analysis); the higher values were based on the assumption that the material was the monohydrochloride which appears to be an incorrect assumption. The curves from figure I are shown for comparison: Group 2, the solid line'without data points, and Group 3, the broken line, without data points.
seen here that the values for Gua 2 were significantly less than those for Gua I, but the values obtained in HCl solutions (see fig. I ) were nearly the same. Here the value for Gua 4 was close to those for Gua 1, but in the HCl solutions, Gua 4 showed a greater difference from Gua 1 than the other samples. Gua 4b, which was reprecipitated from Gua 4, had the lower values for the enthalpy of solution in aqueous NaOH; perhaps occluded water was not removed by drying.
A plot similar to figure 3 was previously given for adenine [5] . I t showed no change of slope at rv 0.5 mol, L-I as shown in figure 3 ; the reason for this difference is not known. For adenine, there was a change of slope (more negative) at the NaOH concentration, rv 4 mol'L-I, which was assumed to be the result of a proton dissociation. Unfortunately, the guanine measurements terminated at rv 3 mol· L-I, although a proton dissociation similar to that for adenine would be expected. The following equation was obtained from the fit of the data (table 10) 
Discussion and Summary
Few measurements of the thermodynamic properties of guanine have been made. Stiehler and Huffman measured the heat of combustion [7] , and the heat capacity [19] from which they calculated the entropy and free energy. The enthalpy of sublimation was measured by Yanson and Teplit- E~~~.: samPlet-aaMaSS-~Olr'l:"ril.--"'Na'fllnD...HM----' _IR~: ., ... Miller and Wasik [23] measured the solubility of our crystalline guanine sample, Gua 1, at three temperatures using a liquid chromatographic method developed by Wasik which is described elsewhere [24] . The guanine was first dissolved in methanol as a carrier liquid and transferred to the chromatographic column. The methanol was removed under vacuum, liquid water was introduced for saturation by the guanine deposit, and the guanine concentration in the saturated solution was determined chromatographically. where s is the solubility, T is the absolute temperature, and R is the gas constant Assuming the AH is linear with temperature we calculate a value of f"'u 36 kJ· mol-I at 298 K. This is in disappointingly poor agreement with our value at infinite dilution calculated in equation (4) , which would probably be nearly the same as the value at saturation because the solubility is extremely low. It is possible that and proton dissociation for the purine bases. adenine and guanine. some chemical change in the guanine occurred when it was dissolved in methanol, and that the measurements were actually made on a derivative of guanine. Therefore, a second set of measurements were made in which the presolution in methanol was by-passed. A saturated aqueous solution was introduced directly into the column and its concentration was determined. Three measurements were made at each of three temperatures and the average solubilities are as follows: 3.5 X 10-4 mol, L-I at 293 K, 4.5 X 1O-4 mol· L-I at 298 K, and 4.8 X lO-4mol· L-I at 303 K. The average deviations were less than 1 X lO-s mol· L-I. All = 22 kJ· mol-I was calculated by the above method. This is lower than our value in eq (4), possibly because of the difficulty in saturating the solution. It is noteworthy that the solubilities in water were different if the guanine was pretreated in methanol. Equation (P = purine base. Ade or Gua) 1-----------·------· 
In reference [21] evidence was given for the protonation at N7. Our measurements in section 3.1 show, in addition, a second protonation (probably at N3) at pH <1. These correspond to the following equations: Obtained by Suchorukow, et a1. (22] . All(oo, 298.15 K)= (7.8 ± 2.2) kJ· mol-I. (8) 
